The objective of this study was to evaluate the feasibility of reutilizing phosphorus (P) recovered as struvite from swine wastewater as an alternative to commercial P sources in broiler feed. The recovered struvite was pre-treated as microwave irradiated struvite (MS) and incinerated struvite (IS) to reduce the NH 4 -N concentration in recovered struvite before application. A preliminary study on the growth performance and blood metabolites of broiler chickens was then performed to assess the effect of MS and IS by comparing with commercial monobasic dicalcium phosphate (MDCP, control). A total of 204 male Ross 308 broiler chickens (mean body weight (BW) of 80 ± 5 g) were randomly allotted to each of 12 pens. The growth performance and blood metabolites analysis of broiler chickens showed no significant difference among the test materials (p > 0.05). However, the apparent total tract digestibility of crude fat was significantly higher in MS and IS treated groups compared to the control (p < 0.05). The digestibility of crude ash in control was significantly lower than that in MS (p < 0.05). The results suggested that P recovered from swine wastewater as struvite can be reutilized as an alternative P source in broiler feed without adverse effects on growth performance and blood metabolites through proper pre-treatment. To our knowledge, this is the first study to evaluate the potential of using struvite in animal feed. This study provides primary evidence for the safety and efficacy of using pre-treated struvite as an alternative source of P in animal feed and will encourage further studies with more rigorous design.
Introduction
Phosphorus (P) is a non-renewable and non-replaceable element for animal and plant growth. There is no substitution of P as a fertilizer and feed additive in agricultural production systems, and therefore, ensuring a substantial amount of P will be necessary for future food security [1] [2] [3] . Most of the P used in livestock feed and applied as fertilizers are either lost in wastewater or by leaching and runoff [4, 5] . P concentration in livestock wastewater is generally high (600 to 1400 mg/L) [6] and therefore P recovery from livestock wastewater seems necessary. Up until now, different physico-chemical methods have been introduced to recover P from livestock wastewater [7] . Among those methods, struvite precipitation has been widely studied. The recovery of struvite from wastewater would be economically more beneficial than using typical chemical reagents for wastewater treatment [8] .
The animals' dietary P requirements have been calculated based on total P concentration in the feed. Due to low nutrient use efficiency by the animal, swine wastewater contains nutrients and organic materials at high concentrations [9] . In general, around 75% of the P in feed cannot be digested by the swine [10, 11] . There is general speculation that P in the animal feed is absorbed in the intestine after feeding and therefore P present in the struvite recovered from swine wastewater cannot be redigested by the animals. The majority (60% to 70%) of the total P present in swine wastewater is organic P [12] , while only inorganic P (in monophosphate form) is involved during the struvite crystallization process. Commercial P sources like monocalcium phosphate (MCP) and monobasic dicalcium phosphate (MDCP) are also monophosphates. Therefore, P in struvite is expected to be similarly soluble. Moreover, as struvite is highly soluble at low pH, P in struvite can be easily solubilized and absorbed in the stomach and intestine. In addition, the P recovered from swine wastewater as struvite includes relatively less toxic heavy metals when compared to municipal and chemical or electronic industries, which means that the feasibility of P recycle increases without consideration of further heavy metal removal [13, 14] .
In Korea, livestock wastewater is treated in centralized wastewater treatment plants [15, 16] . Therefore, installing the P recovery process in centralized livestock wastewater treatment plants could be sustainable and economical, as well as protecting the environment and actuate P circular economy. Until now, the struvite recovered from livestock waste sources has only been utilized as an alternative phosphate fertilizer [17] . However, the struvite application may be expanded to the other fields, such as animal feed and chemical industries [18, 19] , if the recovered P in the form of struvite is biologically safe. The biggest obstacle in P purification methods is attributed to the unbalanced nitrogen (N) and P ratio, where the concentration of NH 4 -N is considerably higher than PO 4 -P [20] . NH 4 -N is highly toxic to animals and its accumulation in the intracellular sites can cause severe damage. It is therefore necessary to pre-treat the recovered struvite before its use as an alternative P source in broiler feed. Reza et al. reported that among the pre-treatment methods, the microwave irradiation is cost-effective and less time-consuming and can reduce the NH 4 -N concentration by about 24.9% in recovered struvite [13] . On the other hand, incineration is a conventional and widely accepted method of pre-treatment. Our previous study on the growth performance of Carp (Cyprinus carpio) using struvite as an alternative dietary source of P was successful and showed no significant difference in weight gain, feed conversion ratio, protein efficiency ratio, and specific growth rate, with some improvements (1.4% to 2.8%) compared to MCP [18] .
Therefore, the hypothesis of this study was that P recovered from swine wastewater as struvite may be a similarly effective, soluble, and sustainable alternative to commercial P sources as a feed additive. To check the hypothesis, some initial experiments were conducted to study the feasibility of struvite application as an alternative P source in broiler feed. It should be noted that this preliminary study was intended to evaluate the possibility of reutilizing struvite in animal feed by performing some initial experiments.
Materials and Methods

P Recovery Process and Pre-Treatment
The P recovery process and pre-treatment methods used in this study were described in detail in our earlier studies [13, 21] . To find cost-effective treatments for the removal of NH 4 -N from the recovered struvite, microwave irradiation (80 Hz/g for 5 min) and incineration (550 • C for 30 min) treatments were applied. The recovered and pre-treated materials were characterized by X-ray diffraction (XRD) (PANalytical X'Pert-PRO MPD, Malvern Panalytical BV, Almelo, The Netherlands).
Growth Performance Test in Broiler
A growth trial was conducted with pretreated struvite (microwave irradiated struvite, MS; incinerated struvite, IS) as an alternative to commercial P sources to study the effect of MS and IS on the growth performance and blood parameters of broiler chickens. The protocol for the experiment was approved and broiler chickens were cared for according to the guidelines of the Institutional Animal Care and Use Committee of Kangwon National University, Chuncheon, Republic of Korea (IACUC # KW 130620-1).
For three treatment groups, including control (four replicates/group), a total of 204 male broiler chickens (Ross 308; mean body weight (BW) 80 ± 5 g) were allotted to each of 12 pens (17 broilers/pen) and the floor of the pens was covered with rice hull. The test materials (MS, IS, and commercial monobasic dicalcium phosphate (MDCP, control)) were added to an isocaloric and isonitrogenous corn-soybean-based diets (Table 1) in two phases as starter (1-14 days) and finisher (15-28 days). Individual BW and feed intake of each replicate were recorded weekly to calculate BW gain and feed conversion ratio (FCR). Apparent total tract digestibility (ATTD) of the test materials was analyzed in the fourth week of the experimental feeding using excreta samples of four randomly selected broilers from each pan after allocation to individual cages. For the analysis of internal organs, three broilers from each of the four pens in three treatment groups were randomly selected at the end of the experiment and euthanized using diethyl ether [22] . Each broiler was weighed and later slaughtered by cervical dislocation. Internal organs (heart, kidney, liver, gizzard, small intestine, cecum, and tibia) were extracted and relative organ weights (g/100 g BW) were calculated [23] . Lengths of small intestine and tibia were also measured. For bone content analysis (dry matter, crude ash, calcium (Ca), and P), tibia was freed of soft tissue and analyzed according to the standard procedure [24] . The blood tests were conducted at the end of the experimental feeding, i.e., after 24 h from the last dose of testing materials. Assay kits for the analysis of serum biochemicals were obtained from Chemon Inc., South Korea. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), inorganic P, Ca, creatinine (CRE), and blood urea nitrogen (BUN) were determined using an automated blood biochemical analyzer (Model AU400, Olympus, Tokyo, Japan) and electrolyte analyzer (Model M744 (Na+/K+/Cl-) analyzer, Siemens, Deerfield, USA). For differential count, the blood sample of 1 mL was collected separately with anticoagulant and the differential leukocyte counts were made on monolayer blood films after being fixed and stained with Giemsa-Wright's stain [25] . Total leukocytes and red blood cell (RBC) count were determined using a haemocytometer.
Statistical Analysis
Differences in means among the treatments were analyzed with one-way ANOVA and multiple comparisons were performed using Tukey's HSD tests.
Results
P Recovery as Struvite and Pre-Treatment
During the recovery process, P was precipitated as dense fine particles in the reactor. The recovered material was then air-dried and characterized as struvite (MgNH 4 PO 4 .6H 2 O) via XRD analysis with the nutrient contents of 5.5% NH 4 , 11.9% PO 4 , and 10% Mg. The struvite was pre-treated using microwave irradiation and incineration to remove the NH 4 -N for further use in broiler feed. After pre-treatment, a change in nutrient concentration was observed. The NH 4 -N concentration was decreased to 3.7%, whereas PO 4 and Mg concentrations remained almost the same (12.2% and 9.8%, respectively) after microwave irradiation treatment. In addition, microwave irradiation did not alter the chemical composition of the recovered struvite. Although the majority (about 67.3%) of the pre-treated material was identified as MgNH 4 PO 4 .6H 2 O by XRD analysis (Figure 1b) , the microwave irradiation led to the formation of some other magnesium phosphates (Mg 3 (PO 4 ) 2 ·XH 2 O) (around 32.7%). On the other hand, incineration at a high temperature (550 • C) denatured the recovered struvite to magnesium pyrophosphate (Mg 2 P 2 O 7 ) by eliminating ammonium and hydrates, which was confirmed by XRD analysis (Figure 1c ). The NH 4 -N concentration was therefore reduced to 0.003% after incineration, while PO 4 and Mg concentrations were increased to 18% and 11.5%, respectively.
Effect of Pre-Treated Struvites on Broiler
No differences in feed intake, weight gain, and FCR were observed among treatment groups (p > 0.05) ( Table 2 ). ATTD of the experimental diets showed no significant differences in dry matter and crude protein content of control, MS, and IS groups (p > 0.05) ( Table 2 ). In the case of crude fat, the ATTD was significantly higher in MS and IS treated groups compared to control (p < 0.05). The digestibility of crude ash in control was comparable to IS but significantly lower than that in MS (p < 0.05). 
No differences in feed intake, weight gain, and FCR were observed among treatment groups (p > 0.05) ( Table 2 ). ATTD of the experimental diets showed no significant differences in dry matter and crude protein content of control, MS, and IS groups (p > 0.05) ( Table 2 ). In the case of crude fat, the ATTD was significantly higher in MS and IS treated groups compared to control (p < 0.05). The digestibility of crude ash in control was comparable to IS but significantly lower than that in MS (p < Results of the relative weight of internal organs including heart, kidney, liver, gizzard, cecum, small intestine, and tibia extracted from broilers showed no significant differences among the test materials (p > 0.05) (Table 3) . Similarly, the length of the small intestine and tibia also showed no difference in different treatment groups (p > 0.05). Analysis of ashed tibia for dry matter, crude ash, Ca, and P showed no significant differences among the control and treated groups (p > 0.05). No differences in blood parameters such as AST, ALT, BUN, CRE, inorganic P, RBC, white blood cells (WBC), neutrophils (NEU), lymphocytes (LYM), and eosinophils (EOS) were observed among treatment groups except Ca (p > 0.05) ( Table 4 ). 
Discussion
Phosphate rock is the primary source of P, and every year around 79%, 11%, and 7% of the total phosphate rock mined worldwide has been used for producing fertilizers, feed additives, and detergents, respectively [26] . Due to the rise in the global population and rapid industrialization, the utilization of phosphate rock is increasing by 2% every year and the total P reserves could be exhausted in the next 90-300 years [13, 27] . Finding alternative sources of P is therefore in demand.
Using typical coagulants like iron or aluminum salts for removing P from livestock wastewater produces sludges containing secondary contaminants (FePO 4 , AlPO 4 ) and therefore needs further treatment before disposal; thus, increasing the treatment cost. However, P recovered from swine wastewater as struvite precipitates requires no additional treatment. Considering the increasing demand and exhaustion of phosphate rock reserves, struvite recovery from wastewater appears to be more economical and sustainable on a large scale [8] . In this study, the recovered struvite was pre-treated as MS and IS to reduce the NH 4 -N concentration before using an alternative P source in broiler feed. MS showed major peaks indicative of struvite, while IS eliminated ammonium and hydrates from the struvite and decomposed as magnesium pyrophosphate. Between the two pre-treatment methods used in this study, microwave irradiation was more economically efficient than incineration. Past studies on cost analyses reported values of around USD 0.12/kg and 0.17/kg for microwave irradiation and incineration pre-treatments, respectively [28, 29] . However, further studies on detailed economic analysis with a preferred focus on recovery and pre-treatment cost, social costs reduction for environmental protection, and pollution prevention need to be conducted.
Until now, struvite has been extensively used as a fertilizer in agriculture. No studies have been reported on the explicit use of struvite recovered from livestock wastewater as a P source in animal diets yet, as there is a potential of contamination with toxic heavy metals or pathogens. A recent study showed that heavy metal contents in the struvite recovered from swine wastewater were lower than the Korean standard limits of fertilizer and feedstock guidelines suggested by the rural development administration of Korea [13] . Moreover, microwave irradiation can destroy the pathogens [30] , while incineration usually is done to ensure the biological safety of infectious waste [31] .
Dicalcium phosphate (DCP) is the most used dietary P source for broilers [32] . Therefore, in the present study, MDCP was used as a P source in control to study any difference in growth performance and blood metabolites of broilers fed with IS and MS. Weight gain is considered as a valuable criterion in P utilization studies. In this study, no significant difference in weight gain, feed intake, and FCR were observed in MS and IS treated groups compared to MDCP treated groups. Furthermore, the dietary struvite indicates no deleterious effects on relative organ weight, small intestine and tibia length, dry matter, crude ash, Ca, and P level of the tibia. Moreover, dietary struvite increases the retention of digesta and results in higher ATTD of crude fat. As the retention time of digesta increases, it extends the enzymatic digestion time of dietary nutrients and ultimately improves the nutrient use efficiency [33, 34] . The tibia and serum analysis results elucidated a normal level of P utilization. Previous research showed that the source of P supplement had a significant effect on the Ca and P contents of tibia and blood serum [35] . This difference may have resulted from the imbalance in the Ca to P ratio due to lower phosphate availability. In the present study, the Ca to P ratio in the broilers fed with MS, IS, and MDCP diets were constant at 2.2:1 and 2.4:1 in starter and finisher phases, respectively. The serum Ca and P concentrations in the broilers fed with test materials were well within the range of reference limits (Ca: 3.85 to 19.67 mg/dL and P: 3.48 to 19.49 mg/dL) reported by Meluzzi et al. [36] and showed normal homeostatic regulation at the three primary target organs (the intestine, kidney, and bones) [37] . The Ca level in serum was found to be lower in MDCP than in MS fed groups, and equivalent to IS fed group. The difference in serum Ca concentration may be associated with the source of dietary Ca and possibly a higher absorption of Ca as limestone in MS treatment than Ca as di-calcium phosphate in control treatment. Apparent ileal digestibility of Ca has been shown to be affected by the Ca source and reported as 49% and 30% for limestone and di-calcium phosphate, respectively [38] . However, serum P level remained constant among the three treatment groups.
No differences in AST, ALT, BUN, CRE, and inorganic P were observed, whereas Ca level was found to be significantly higher in MS treated group compared to control. All these results belong to the normal range and imply no sign of infection or pathological condition. Serum levels of BUN, CRE, AST, and ALT were tested as a reflection of the metabolism and inner organ status of broilers. The AST and ALT levels are reported to be sensitive indicators of liver injury since an increase in these values reflects leakage from injured hepatocytes [39] . No significant change in the AST and ALT in IS and MS fed groups compared to control indicated normal liver functions. Similarly, no significant change in the BUN and CRE values confirmed that there were no deleterious effects on kidney functions in IS and MS fed broilers.
There were no significant differences in total and differential leukocyte (NEU, LYM, and EOS) counts in all the groups (control, MS, and IS). WBC or leukocytes play an important role in nonspecific or innate immunity and their counts can be considered as an indicator of the health status of broilers. LYM is an important leukocyte cell of the immune system that is involved in defending the body against both infectious diseases and external infectious microorganisms [40] . LYM count was found to be zero, while NEU counts were similar in all the groups. An excess number of leukocytes in the blood is often an indicator of disease or stress conditions. In stress conditions (due to infection, dietary imbalance, etc.), the leukocyte count increases [41] . In general, lower P availability or imbalance in the Ca to P ratio might be stressful to the broilers, which could lead to a change in leukocyte counts [35, 42, 43] .
In the present study, dietary treatments had no adverse effects on growth performance and blood metabolites, indicating the functional health status of broilers fed with pre-treated struvites. Considering chemical composition, nutrients contents, effectiveness, and the exhaustion of natural P resources, struvite pre-treated as MS could be a potential alternative of commercial P source in broiler feeds.
Conclusions
Given no significant differences in broilers' growth performance, higher crude fat and ash digestibility, no differences in organ weights and tibia composition, and no differences in blood parameters, the wastewater-recovered struvite can be used as an alternative P source in broiler feed. In addition, considering sustainability, resource recycling, reduction of social costs (environmental protection and pollution prevention, treatment costs, etc.), and depletion of phosphate rock reserves, the recovery of P from livestock wastewater and its utilization as feed additive might be a sustainable strategy. To our knowledge, this is the first study to evaluate the potential of using struvite in animal feed and also encourages further studies with more rigorous design to study the potential of struvite application in diverse fields.
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